Data from perinatal and juvenile rodents support our hypothesis that the preBötzinger complex generates inspiratory rhythm and the retrotrapezoid nucleus-parafacial respiratory group (RTN/pFRG) generates active expiration (AE). Although the role of the RTN/pFRG in adulthood is disputed, we hypothesized that its rhythmogenicity persists but is typically silenced by synaptic inhibition. We show in adult anesthetized rats that local pharmacological disinhibition or optogenetic excitation of the RTN/pFRG can generate AE and transforms previously silent RTN/pFRG neurons into rhythmically active cells whose firing is correlated with late-phase active expiration. Brief excitatory stimuli also reset the respiratory rhythm, indicating strong coupling of AE to inspiration. The AE network location in adult rats overlaps with the perinatal pFRG and appears lateral to the chemosensitive region of adult RTN. We suggest that (1) the RTN/pFRG contains a conditional oscillator that generates AE, and (2) at rest and in anesthesia, synaptic inhibition of RTN/pFRG suppresses AE.
Introduction
The preBötzinger complex (preBötC) in the ventrolateral medulla (Smith et al., 1991; Gray et al., 1999 Gray et al., , 2001 ) plays a key role in respiratory rhythmogenesis (Feldman and Del Negro, 2006; Thoby-Brisson et al., 2009) . A region just rostral to the preBötC, the retrotrapezoid nucleus/parafacial respiratory group (Onimaru and Homma, 2003) (RTN/pFRG), may also play a critical role in ontogeny (Thoby-Brisson et al., 2009 ) and generation Onimaru and Homma, 2003) of respiratory rhythm, as well as in chemoreception Mulkey et al., 2004) . We postulated (Janczewski and Feldman, 2006 ) that these two regions are coordinated, with preBötC generating inspiration, and RTN/pFRG generating enhanced expiratory airflow [i.e., active expiration (AE)]. When both inspiration and expiration are active, we proposed that both oscillators are rhythmically engaged and are strongly coupled (Janczewski and Feldman, 2006) .
The RTN/pFRG is a heterogeneous group of neurons surrounding the facial nucleus (VIIn) with two functional neuronal populations that may overlap, presumptive rhythmogenic pFRG neurons and chemosensitive RTN neurons. In vitro studies in perinatal rats show rhythmically active respiratory neurons ventrolateral to the VIIn that discharge immediately before inspiration (Janczewski et al., 2002; Onimaru and Homma, 2003; Onimaru et al., 2006) . In juvenile rats in vivo, brainstem transections that remove the RTN/pFRG but leave the preBötC intact abolish AE but have limited effect on inspiration (Janczewski and Feldman, 2006) . Moreover, in en bloc preparations from neonatal rats and in juvenile rats, opiates can induce quantal slowing [i.e., skipped inspiratory bursts (Mellen et al., 2003; Janczewski and Feldman, 2006) ]. We postulated that the RTN/pFRG is a conditional oscillator that initiates and maintains AE (i.e., the "two-oscillator" hypothesis).
With respect to expiratory activity, adult rats differ from perinatal and juvenile rats. RTN neurons with various respiratory-modulated patterns are present in adults (Pearce et al., 1989; Connelly et al., 1990) , although during resting conditions or under anesthesia there is a conspicuous absence of AE (Iizuka and Fregosi, 2007) (but see de and/or RTN rhythmicity (Mulkey et al., 2004; Fortuna et al., 2008) . Rapid suppression of preBötC activity in awake adult rat leads to apnea with no evidence of AE (Tan et al., 2008) . Humans typically lack AE when at rest (Iscoe, 1998; Abraham et al., 2002) , although expiratory motor activity driving expiratory airflow is turned on during exercise. Based on these developmental differences, we postulated that RTN/pFRG rhythmicity is actively suppressed in anesthetized adult rodents. Here, we explore the possibility that this suppression is attributable to inhibition via GABA and/or glycine neurotransmission.
We tested the two-oscillator hypothesis by activating RTN/ pFRG neurons using either localized disinhibition or by localized excitation mediated by photoactivation of neuronally expressed channelrhodopsin (ChR2). We could induce AE in adult anesthetized rats by either method. Stimulation of the lateral part of the RTN/pFRG transformed a resting breathing pattern with no AE into one with AE, associated with rhythmic late expiratory activity in previously silent/tonic RTN/pFRG neurons. These results are consistent with our hypothesis that AE can result from activation of a conditional RTN/pFRG oscillator that persists in adulthood and is coupled to the inspiratory rhythm generator. Preliminary results were presented in abstract form (Pagliardini et al., 2009a,b) .
Materials and Methods
Bicuculline/strychnine injection experiments. Animal handling and experimental protocols were approved by the University of California, Los Angeles, Chancellor's Animal Research Committee. Thirty adult male Sprague Dawley rats (300 -350 g) were used for acute experiments. Rats were initially anesthetized in halothane (3% in air) while the femoral vein was cannulated and urethane (1.5-1.7 g/kg body weight) was gradually delivered to induce permanent and irreversible anesthesia. Additional doses of anesthesia were delivered as necessary to maintain the level of anesthesia. The trachea was cannulated and respiratory flow was detected with a flow head connected to a transducer to measure airflow (GM Instruments). Coupled EMG wire electrodes (Cooner Wire) were inserted into the genioglossal (GG), oblique abdominal (ABD), diaphragm (DIA) muscles, and occasionally in the levator labii superioris (LL), which dilates the nostril and elevates the upper lip and is innervated by the buccal branch of the facial nerve. Wires were connected to amplifiers (Grass Model P511; Grass Instruments) and activity was sampled at 2-4 kHz (Powerlab 16SP; ADInstruments). To eliminate confounding effects induced by stimulation of vagal reflexes, rats were vagotomized by resecting a portion of the vagus nerve (2 mm) at midcervical level. Body temperature was kept constant at 37 Ϯ 1°C with a servo-controlled heating pad (Fine Science Tools). Eight rats were used for testing the response to 5% CO 2 in the inspired air (5 min stimulation). The remaining rats were then placed in a stereotaxic frame with bregma 5 mm below lambda. Bicuculline and strychnine (BIC/STRY) (50 M; 200 nl/side; SigmaAldrich) diluted in saline (n ϭ 18) or saline (n ϭ 4) were pressure injected through a sharp glass electrode (40 m tip diameter) into the RTN/pFRG. Coordinates were as follows (in mm): 1.8 rostral, 2.5 lateral, and 3.5 ventral to the obex. Additional injections (along the rostrocaudal and mediolateral axes) were performed to identify the extent of the regions responsive to drug application.
In some experiments, fluorescent beads (0.2 m diameter, 0.2% solution; Invitrogen) were added to the injected solution to locate the injection site.
Virus preparation and injection into the pFRG. The lentivirus containing the mutated channelrhodopsin-2 protein (ChR2-H134R) fused with enhanced yellow fluorescent protein (EYFP) driven by the neuronal specific promoter synapsin (SYN) (SYN-ChR2-EYFP). The ChR2 with H134R mutation when light activated produces a twofold increase in steady-state current compared with the wild-type form of ChR2 (Adamantidis et al., 2007; Gradinaru et al., 2007) . The virus was produced according to the detailed protocol described by Zhang et al. (2007) and briefly described below. 293FT cells (Invitrogen) were cotransfected with SYN-ChR2-EYFP lentiviral plasmid and helper vectors (pCMV deltaR8.74 and pMD2.G) using a calcium coprecipitation method. Twentyfour hours after transfection, the cells were treated by 5 mM sodium butyrate (Sigma-Aldrich) for another 24 h. The supernatant was collected, filtered, and centrifuged through 20% sucrose cushion at 120,000 ϫ g at 4°C for 2 h. The viral pellet was resuspended in sterile PBS to obtain a titer of 10 10 pfu/ml. Viral injection into the pFRG. A separate cohort of rats was used for the laser photostimulation experiments. The 300 g adult Sprague Dawley rats were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) and positioned in a stereotaxic frame with bregma 5 mm below lambda and either the lentivirus SYN-ChR2-EYFP (0.4 -0.5 l; 10 9 -10 10 pfu/ml; n ϭ 18) or SYN-EYFP (0.4 -0.5 l; 10 9 -10 10 pfu/ml; n ϭ 6) were pressure injected either unilaterally or bilaterally through a sharp glass electrode (40 m tip diameter) into the RTN/pFRG. The electrodes were left in place for 5 min after each injection to minimize backflow of virus up the electrode track. Coordinates were as follows (in mm): 1.8 rostral, 2.5 lateral, and 3.5 ventral to the obex. Postoperatively, rats received buprenorphine (0.1 mg/kg) and oral antibiotics in their drinking water for 14 d. Rats recovered for 4 weeks with food and water ad libitum before laser stimulation experiments.
Laser stimulation experimental protocol. Four weeks after surgery, rats were anesthetized with halothane (3% in air) while the femoral vein was cannulated, and then urethane (1.5-7 g/kg body weight) was gradually delivered to induce permanent and irreversible anesthesia. Respiratory flow was measured via a tracheal cannula and EMG wires were implanted in ABD, GG, DIA, and LL muscles. Rats were vagotomized and then positioned supine in a stereotaxic frame, the larynx was displaced, and the ventral surface of the occipital bone was exposed. Two windows (2 ϫ 3 mm) were drilled through the occipital bone to expose the brainstem ventral surface. The meninges were left intact and there was no effusion of CSF. Once the ventral brainstem surface was exposed, a 473 nm laser (OptoDuet Laser; IkeCool) connected to a 200-nm-diameter optical fiber (IkeCool) was placed on the meninges. Laser power was set at 25 mW. Timed photostimulations were delivered under the command of a pulse generator (Pulsemaster A300 Generator; WPI) connected to the laser power supply.
To find the position with the strongest response to laser stimulation in rats infected with SYN-ChR2-EYFP, the ventral surface was probed on one or both sides with 10 s laser pulses at 1 min intervals (four times in each location); the fiber was moved in a rectangular grid at 200 or 400 m step intervals (see Fig. 5 ). Once the most responsive site was identified, 100 -150 brief pulses stimulations were applied (125 ms, 250 ms, 500 ms, and 1 s duration) at 8 s intervals to test for a reset response.
Post hoc identification of neurons expressing EYFP allowed us to identify neurons that would have been activated during each experiment assuming a sufficient laser-induced photon flux. As shown in the results, viral injections were highly localized; the virus was not axonally transported and did not diffuse to other brainstem regions. Compared with local electrical stimulation, this experimental approach has the advantage of selectively activating neurons in a specific location (verified by postmortem EYFP expression analysis), excluding the possibility that axons of passage were responsible for the physiologically observed effects. Furthermore, laser stimulation gave us the possibility to excite neurons with both temporal and spatial precision, allowing us to study respiratory phase reset throughout the respiratory cycle. This is a major advantage compared with the results obtained with local application of drugs, either acting on inhibitory neurotransmission (i.e., the first part of this study), or on excitatory neurotransmission, or even via neuromodulation.
We used a lentivirus containing channelrhodopsin driven by the panneuronal marker synapsin to investigate and stimulate cells of the RTN/ pFRG independently from their neuronal phenotype. This approach was chosen since previous reports have shown that RTN Phox2b-expressing chemosensitive neurons in adult rats do not show late expiratory activity even in high respiratory drive stimulation (Abbott et al., 2009a; Kanbar et al., 2010; Marina et al., 2010) ; we therefore hypothesized that the broader RTN/pFRG contains not only these former subtypes that provide tonic excitatory drive to both the inspiratory and expiratory oscillators (Kanbar et al., 2010; Marina et al., 2010) but also key neurons (with an as-yetunknown phenotype) that are responsible for AE generation. These neurons may not be chemosensitive, may not express Phox2b, or may express it in only low levels during adulthood.
Unit recordings. To record neuronal activity from the ventral surface of the brainstem, eight additional rats were anesthetized, implanted as described above, and positioned supine on the stereotaxic frame. The ventral surface of the brainstem was exposed as described above, and the meninges were ruptured. To record neuronal activity, either a tungsten electrode (5 M⍀; A-M Systems) or a glass electrode (5 M⍀; filled with 2% Neurobiotin in 0.5 M Na acetate) was connected to a headstage (HZP; Grass Instruments) and the signal amplified and sampled at 10 kHz. Units were recorded adjacent to the site of injection of BIC/STRY (200 nl/each side). Injections were made 2.4 mm lateral from the midline and 0.8 -1.2 mm caudal to the anterior inferior cerebellar artery. Units were recorded in similar position ϳ2.3-2.5 mm from the midline.
Neurons recorded with Neurobiotin-filled glass electrodes were then stimulated with pulses of positive current (10 -20 V, 200 ms, 50% duty cycle for 10 min) delivered through the recording electrode. At the end of the experiment, rats were perfused, brains collected, and the recording sites processed for immunohistochemistry (see below) to further identify morphology and location of the neurons.
A similar procedure was performed to record neuronal activity on laser stimulations after viral injections (n ϭ 6). In this set of experiments, a tungsten electrode was positioned adjacent to the fiber. The tungsten electrode was positioned on the region where a maximal response on 10 s stimulation was achieved (see laser stimulation experimental protocol above). Single or trains of photostimulation were applied to identify neurons and test their response to laser stimulation.
Histology. At the end of each experiment, rats were transcardially perfused with 4% paraformaldehyde in phosphate buffer. The brains were collected, postfixed, and cryoprotected, and 40 m brainstem transverse sections were cut. Serial sections were either directly mounted on slides and coverslipped or immunoreacted for detection of specific neuronal markers. Immunohistochemistry was performed according to the following protocol. Free-floating sections were rinsed in PBS and incubated with 10% normal donkey antiserum (NDS) and 0.2% Triton X-100 in PBS for 60 min to reduce nonspecific staining and increase antibody penetration. Sections were incubated overnight with primary antibodies diluted in PBS containing 1% NDS and 0.2% Triton X-100. The following day, sections were washed in PBS, incubated with the specific secondary antibodies conjugated to the fluorescent probes (Cy2-conjugated donkey anti-chicken; Cy3-conjugated anti rabbit; Cy3-conjugated antimouse; Jackson ImmunoResearch) diluted in PBS and 1% NDS for 2 h. Sections were further washed in PBS, mounted, and coverslipped with Fluorsave mounting medium (Millipore).
The primary antibodies used for this study were as follows: antibody to GFP (green fluorescent protein) (chicken; 1:1000; Aves Laboratories), Phox2b (rabbit; 1:500; kindly provided by Prof. J. F. Brunet, Centre National de la Recherche Scientifique, Paris, France), and to the neuronal marker NeuN (mouse; 1:500; Millipore).
For detection of Neurobiotin-filled neurons, sections were treated with 1% H 2 O 2 in PBS (10 min), washed in PBS, pretreated with Triton X-100 (0.4%) for 30 min, washed, and incubated in ABC (Vector Laboratories) for 2 h. Labeling was revealed with nickel-enhanced diaminobenzidine solution (Vector Laboratories).
Slides were observed under an AxioCam2 Zeiss fluorescent microscope connected with AxioVision acquisition software or under a LSM510 Zeiss confocal microscope. Images were acquired, exported in TIFF files, and arranged to prepare final figures and identify electrode placement coordinates.
Data analysis and statistics. Traces were recorded on a computer and analyzed using Chart 7 Pro (ADInstruments), Excel, and Origin7 (OriginLab) software. The absolute value of EMG signals was digitally integrated with a time constant of 0.1 s to calculate peak amplitude and time onset. The flow signal was high-pass filtered to eliminate DC shifts and slow drifts, and used to calculate respiratory rate, period, inspiratory (T I ) and expiratory (T E ) durations. After filtering, the flow signal was digitally integrated to obtain tidal volume (V T ) and minute ventilation (V E ).
For the purposes of analysis, AE was considered present when ͐ABD EMG amplitude during the final 20% of the expiratory period was Ͼ50% larger than in the first half (see Fig. 1 A) .
In BIC/STRY injection experiments, period, T I , T E , V T , V E and integrated peak amplitude of DIA EMG , GG EMG , and ABD EMG were calculated for 100 cycles before injection and 100 cycles after either bilateral saline injection in control rats (n ϭ 4) or the onset of AE in bilateral BIC/STRYinjected rats (n ϭ 8).
In laser stimulation experiments, data were compared between respiratory cycles before (10) and during photostimulation. Changes in period, T I , T E , V T , V E , and ͐EMG peak amplitude were calculated during the third set of photostimulation in the location where maximal responses occurred. Paired t test (two-tail distribution) was used to determine statistical significance of changes before and after BIC/STRY injection or photostimulation. Significance was set at p Ͻ 0.05. Data are shown as averaged values Ϯ SE.
Reset analysis. We analyzed the photostimulation-induced reset phenomenon across the respiratory cycle in seven SYN-ChR2-EYFPinjected rats. The beginning of each inspiratory cycle was marked by triggering on a threshold value of the respiratory flow. The average control respiratory period was calculated before stimulation trials and defined as spanning 0 -360°(i.e., from one inspiratory trigger to the next), with the onset of inspiration defined as phase 0°. Across respiratory cycles in our rats, inspiration (defined as the period of inward airflow) lasted from the trigger point at 0°until 73.2-97.5°(min-max values measured in n ϭ 7 experiments) while expiration was considered to take up the rest of the cycle. Thus, the phase of any event could be calculated based on the time at which it occurred relative to the ongoing respiratory period (specifically, the preceding inspiratory trigger) referenced to the average respiratory period. More specifically, phase values were obtained by computing the ratio of any onset or delay time to the respiratory period and multiplying by 360°.
In this way, we computed stimulus phase, induced phase, and the expected phase of respiration. Stimulus phase (i.e., the time at which stimulation was delivered during the ongoing respiratory cycle) was calculated based on the delay from the beginning of the previous inspiration to the onset of stimulus delivery. Induced phase (which was used to assess whether stimulation produced a systematic locking of the following cycle) corresponded to the delay from the laser onset to the subsequent inspiration. This latter value was compared with the expected phase (which was simply calculated assuming that stimulation had no effect) and was computed as the difference between the presumed end of the respiratory period as calculated from the previous inspiration (i.e., 360°) and the phase at which stimulation occurred (i.e., 360°-stimulus phase). Examples of how these values were taken are shown graphically in Figure 6D .
Phase measurements for each experimental condition were binned across the full 360°cycle in increments of 18°(totaling 20 bins) and were analyzed using circular statistics to test for uniformity using the Raleigh z distribution and to compute an average phase angle. The average phase angle for any given dataset was characterized by a vector with an angle equal to the average phase and with a length (normalized, 0 -1) related to the angular dispersion of the individual phase values (length ϭ 1 being no dispersion). Circular statistics were also applied across each average vector to compute a grand average vector across all experiments (again having both an angle and normalized length) and also to test for nonuniformity, using the Raleigh z distribution. Phase measurements were obtained using custom software written in Matlab, version 7.4 (The MathWorks). Results were plotted using Origin 7 software.
Results
Active expiration is absent in normocapnic or hypercapnic, anesthetized, vagotomized rats Forced expiratory flow (i.e., AE) corresponds to an increase in outward airflow in the late expiratory phase immediately before inspiration, because of recruitment of expiratory muscle groups including ABD, GG, and internal intercostals. Overall, AE increases tidal (inspired) volume (V T ) since lung inflation begins at a smaller end-expiratory lung volume. We considered AE as being present when ͐ABD EMG amplitude during the final 20% of the expiratory period was Ͼ50% larger than in the first half. Examples of respiratory cycles without and with AE are shown in Figure 1 A.
During baseline conditions in our urethane-anesthetized and vagotomized adult rats, expiration was consistently passive. During passive expiration, outward (expiratory) airflow quickly peaked and then rapidly declined, a consequence of the passive deflation of the lung and chest wall to resting from stretched positions at the end of inspiration. Passive expiration was characterized by tonic abdominal muscle electromyogram (ABD EMG ) activity either with or without (phasic) inhibition during inspiration (Fig. 1 A) . We found no instances of AE in these rats breathing room air and at normal end-expiratory CO 2 levels (ϳ5%; n ϭ 20). ABD EMG was consistently tonic between inspirations and inhibited during inspiration. Furthermore, GG EMG was inspiratory-modulated, beginning ϳ80 ms before diaphragmatic EMG (DIA EMG ) onset. Respiratory period was 1.7 Ϯ 0.1 s and inspiratory duration (T I ) was 0.4 Ϯ 0.1 s (n ϭ 8).
Adding 5% CO 2 to the inspired gas mixture increased ventilation at 5 min by ϳ15% but did not trigger AE. Peak ͐DIA EMG and ͐GG EMG amplitudes increased by 15.0 Ϯ 3.9% ( p ϭ 0.02) and by 29.8 Ϯ 4.1% ( p ϭ 0.001). V T increased by 9.1 Ϯ 2.6% ( p ϭ 0.006) and minute ventilation (V E ) by 15.8 Ϯ 2.7% ( p ϭ 0.003); respiratory frequency increased because of shortening of both inspiration (Ϫ11.0 Ϯ 1.6%; p ϭ 0.001) and expiration (Ϫ2.5 Ϯ 1.9%; p ϭ 0.006).
Bicuculline/strychnine microinjections in RTN/pFRG trigger AE We hypothesized that the RTN/pFRG does not generate AE at rest because of suppression by synaptic inhibition. Consistent with this idea, bilateral injection in the RTN/pFRG of antagonists for GABAergic and glycinergic transmission (BIC/STRY, 50 M) triggered AE, as demarked by bursts of ABD EMG and GG EMG during late expiration (Fig. 1 B-D) . Just before the late expiratory burst, ABD EMG was tonic with duration similar to the total duration of expiration before BIC/STRY (average difference, 10.0 Ϯ 6.7%; p ϭ 0.2; n ϭ 8). During AE, ABD EMG burst duration was 0.40 Ϯ 0.05 s, with significantly longer expiration (43.8 Ϯ 7.1%; p ϭ 5 ϫ 10 Ϫ5 ) compared with controls. With a smaller absolute decrease in T I (Ϫ20.2 Ϯ 3.3%; p ϭ 2 ϫ 10 Ϫ3 ), the respiratory period increased from 1.6 Ϯ 0.1 to 1.9 Ϯ 0.1 s ( p ϭ 2 ϫ 10 Ϫ4 ). V T increased by 23.2 Ϯ 3.2% ( p ϭ 3 ϫ 10 Ϫ4 ) but V E did not change (⌬V E , Ϫ3.4 Ϯ 4.5%; p ϭ 0.53) (Fig. 2 A) . These effects were in contrast to those for saline injections that produced neither AE nor any significant changes in period ( p ϭ 0.58), V T ( p ϭ 0.23), or DIA ( p ϭ 0.33), GG ( p ϭ 0.59), and ABD ( p ϭ 0.57) EMG ( p Ͼ 0.05; n ϭ 4).
During cycles with AE, ABD EMG continued to be inhibited during inspiration, and GG EMG developed two distinct phases: inspiratory (concomitant with DIA EMG ) and expiratory (concomitant with ABD EMG ). Peak ͐ABD EMG amplitude increased by 3056 Ϯ 977% (measured relative to tonic activity levels in the preinjection period; p ϭ 0.04). The peak amplitude of ͐DIA EMG (Fig. 1) .
AE was observed during every cycle for 9.0 Ϯ 1.2 min (n ϭ 8) after bilateral BIC/STRY injection and thereafter was intermingled with respiratory cycles without AE. After the cessation of AE, tonic levels of ABD EMG and GG EMG were augmented compared with the control period for an additional 5-7 min.
The most effective injection sites, based on histological examination, were at the lateral edge of VIIn, Ϯ200 m from its caudal tip (Fig. 2 B) . Injections Ͼ400 m from the caudal tip of VIIn failed to induce AE (n ϭ 5). Interestingly, the responses from more medial positions (n ϭ 6) were either weaker or only developed after a long delay. This suggests that the site for AE induction by disinhibition was lateral to the VIIn, which is distinctly lateral to chemosensitive adult rat RTN neurons (Mulkey et al., 2004; Stornetta et al., 2006; Guyenet et al., 2008) .
To determine the effects of BIC/STRY on RTN/pFRG neurons, we used a ventral approach (see Materials and Methods) to record while injecting BIC/STRY, and a higher concentration of BIC/STRY (250 M) for a stronger, more prolonged effect (16.2 Ϯ 1.3 min duration; n ϭ 8; 15 trials). Before ejection, we were unable to record late expiratory-modulated neurons. Rather, we observed neurons with inspiratory (n ϭ 18), tonic expiratory (n ϭ 4), or nonrespiratory (i.e., tonic) (n ϭ 11) patterns of activity. In contrast, on activation of AE by BIC/STRY application, some neurons fired with late expiratory activity in phase with ABD EMG bursts (n ϭ 9) (Fig. 3A) . Interestingly, at the end of the BIC/STRY-induced AE activation, in instances in which AE cycles were interspersed with no AE (i.e., inspirationonly) cycles, late expiratory neuronal activity was present only during the former (n ϭ 3) (Fig. 3B) .
LL EMG had a late expiratory and an inspiratory component, similar to GG EMG (Fig. 1 A) . Therefore, based on their different firing patterns, we differentiated between late expiratory RTN/pFRG (n ϭ 9) neurons and adjacent VIIn (n ϭ 6) motoneurons that were active during both late expiration and inspiration. Juxtacellular labeling of recorded neurons with Neurobiotin confirmed this classification. Neurons with only late expiratory activity were outside the VIIn, close to the medullary ventral surface (235 Ϯ 46 m from the surface; n ϭ 4) and 2.36 Ϯ 0.02 mm from the midline, with soma diameters of 26.2 Ϯ 1.0 m (Fig. 3D) . VII motoneurons were larger (33.4 Ϯ 2.6 m; n ϭ 5) and were embedded within the VIIn (2.0 Ϯ 0.1 mm from the midline and 820 Ϯ 156 m from the ventral surface) (Fig. 3E ).
Viral injection: histology
In the interest of exploring our hypothesis that the RTN/pFRG is critical for the generation of AE, we focused our viral injections to transfect RTN/pFRG neurons with ChR2 in the region where BIC/STRY induced the strongest AE (i.e., ventrolateral to the caudal pole of VIIn). We used a lentivirus coding for the mutated ChR2 protein (ChR2-H134R) fused with EYFP driven by the neuronal specific promoter SYN [SYN-ChR2-EYFP (Adamantidis et al., 2007; Gradinaru et al., 2007) ].
Based on histological examination of sections from injected rats, neurons expressing EYFP (EYFP ϩ ) were ventrolateral to the caudal pole of VIIn, in the region homologous to perinatal rat pFRG (Onimaru and Homma, 2003) and embryonic mouse parafacial oscillator (e-pF) (Thoby-Brisson et al., 2009 ). EYFP ϩ neurons were 2.2-2.5 mm from the midline and close to the ventral brainstem surface (Fig. 4 A-C) . More medially were only a few, if any, EYFP ϩ neurons. In the viral injection site core (Ϯ320 m rostral/caudal to the caudal pole of VIIn), 47.8 Ϯ 9.1 neurons/slice (40 m thick) were observed, whereas outside this core the EYFP ϩ neuron density rapidly decreased (Fig. 4G-I ) (n ϭ 4). Less than 10% of the EYFP ϩ neurons/slice (9.4 Ϯ 1.8; n ϭ 4) had the morphology and location of facial motoneurons, and they were mainly 0 -500 m rostral to the caudal pole of VIIn. Relatively few EYFP ϩ neurons (8.7 Ϯ 3.7 neurons/slice in the core of the injection; n ϭ 3) expressed Phox2b, the marker for chemically coded RTN neurons (Stornetta et al., 2006) ; these neurons were mainly located ventral and medial to the caudal pole of VIIn.
With the exception of the injection site and its immediate surround, we did not observe EYFP ϩ neurons in the brainstem. EYFP ϩ -filled fibers extended along the ventral respiratory column in the Bötzinger complex (BötC), preBötC, and, more caudally, in the rostral and caudal ventral respiratory groups. In addition, EYFP ϩ -filled fibers projected toward and surrounded the hypoglossal and the solitary tract (NTS) nuclei. The presumptive origin of these fibers was EYFP ϩ neurons at the injection site (Fig. 4 D-F ) .
Laser stimulation of SYN-ChR2-EYFP-expressing RTN/pFRG neurons induced AE
Four weeks after viral injection, we reanesthetized the rats to use a ventral approach to photostimulate (473 nm). We initially tested the response to continuous photostimulation (10 s), mapping the response by moving the optical fiber in 400 m rostrocaudal steps. Photostimulation was most effective at injection sites (demarked by post hoc identification) close to the caudal pole of VIIn, 2.3-2.5 mm from the midline, with progressively weaker responses as we moved away (Fig. 5) . Photostimulation at the injection site changed ABD EMG from tonic (n ϭ 8) [i.e., constant activity during the expiratory phase (with no change or decreased activity during the inspiratory phase) (Sears et al., 1982) ] to incrementing late expiratory bursts of activity (i.e., AE). In several experiments, within the 10 s continuous photostimulation period, the first respiratory cycles had larger ABD EMG compared with the last ones (n ϭ 6). Concomitant with the ABD EMG burst, the late expiratory GG EMG component clearly increased (Fig. 5) .
Unilateral photostimulation (n ϭ 6) in SYN-ChR2-EYFP-injected rats generated a moderate increase in peak inspiratory flow (8.3 Ϯ 3.0%; p ϭ 0.02) and V T (2.1 Ϯ 0.9%; p ϭ 0.03) compared with prestimulation values. Respiratory period (Ϫ5.9 Ϯ 4.3%; p ϭ 0.11) and V E (9.9 Ϯ 4.3%; p ϭ 0.06) did not change significantly. Contralateral peak ͐ABD EMG increased by 72.7 Ϯ 10.9% ( p ϭ 5 ϫ 10
Ϫ4
) and ipsilateral peak ͐GG EMG increased by 62.3 Ϯ 12.1% ( p ϭ 0.007); peak ͐DIA EMG increased slightly (ϩ5.4 Ϯ 2.2%; p ϭ 0.03).
Bilateral photostimulation (n ϭ 5) produced similar but larger effects: peak respiratory flow, V T , and V E increased by 17.0 Ϯ 4.2 ( p ϭ 0.008), 5.6 Ϯ 2.0% ( p ϭ 0.03), and 20.3 Ϯ 7.4% ( p ϭ 0.03), respectively; respiratory period decreased by 12.6 Ϯ 5.9% ( p ϭ 0.02). Peak ͐ABD EMG and ͐GG EMG increased by 188.1 Ϯ 41.7% ( p ϭ 0.005) and 100.7 Ϯ 19.1% ( p ϭ 0.02), respectively. Peak ͐DIA EMG increased slightly (5.0 Ϯ 2.5%; p ϭ 0.07).
Rats in which viral expression was low or in which SYN-EYFP virus was expressed (as a control) did not respond to photostimulation.
Resetting of respiratory rhythm
During these trials, the respiratory cycle subsequent to photostimulation onset appeared to begin at a relatively consistent interval, suggesting resetting of the respiratory rhythm. To explore this observation, we used brief (125-1000 ms) photostimulation pulses applied at different phases of the respiratory cycle and found that, regardless of the stimulus phase, the induced poststimulus respiratory phase fell into a narrow range when aligned with respect to the onset of stimulation (Fig. 6 A) . Together with respiratory reset, stimulation evoked ABD EMG and GG EMG bursts coincident with inhibition in DIA EMG just before subsequent DIA EMG onset and inspiratory flow (Fig. 6B) . The average delay in ABD EMG and DIA EMG onset from onset of photostimulation was 115 Ϯ 13 and 886 Ϯ 52 ms, respectively (n ϭ 7) (Fig. 6B) . Concomitant with this stimulus-locked ABD EMG activity was a significant increase in expiratory flow (i.e., AE) before the next inspiration (Fig. 6C, arrow) . After AE, T I was shorter (Ϫ11.8 Ϯ 2.1%; p ϭ 0.005) and peak inspiratory flow increased compared with preceding nonstimulated cycles (16.4 Ϯ 1.5%; p ϭ 0.004). If stimulation occurred during inspiration, the DIA EMG burst was interrupted, concurrent with the onset of an ABD EMG burst, indicating a disruption and subsequent reset of the respiratory cycle.
To systematically analyze the reset, we determined the phase values for both the onset of stimulation relative to the ongoing respiratory cycle (stimulus phase) and the onset of the subsequent inspiration (induced phase), shown diagrammatically in green in Figure 6 D. By plotting these values and using circular statistics (Zar, 1996) , we could determine whether either or both were randomly distributed across the cycle or were clustered at a preferred phase (Fig. 6 E) . Consistent with the random delivery of stimuli across all phases of the respiratory cycle, the stimulus phase distribution (red dots) appeared uniform (Raleigh z: p ϭ 0.52). However, the distribution of induced phase values (green dots) showed a marked clustering suggestive of stimulus-induced phase reset. Indeed, this distribution was significantly nonuniform (Raleigh z: p Ͻ 10 Ϫ35 ), and the average phase was represented by a vector (see Material and Methods) having a phase angle of 78°and normalized length (radius) of 0.90 (Fig.  6 E, green vector) . Vector lengths close to 1 are indicative of low dispersion of individual angular values as well as significant phase preferences (i.e., nonuniformity) in polar distributions (Zar, 1996) . For all experiments (n ϭ 7), the distributions of induced phase were significantly different from uniformity (using Raleigh tests) and are shown as individual vectors across in Figure 6 F. Notably, these averages clustered in the top left quadrant (range, 80 -150°), and their cumulative distribution was also nonuniform (Raleigh z: p ϭ 7 ϫ 10 Ϫ3 ). The overall (grand) average across all experiments had a phase angle of 120°w ith a normalized radius of 0.80 ( Fig. 6 F, black line). Thus, phase reset by RTN/ pFRG photostimulation was consistent and significant both within and across experiments. (For additional analysis discussion of phase reset, see supplemental information, Phase reset analysis; supplemental Fig. S1 , available at www.jneurosci. org as supplemental material.)
Unit recordings of light-activated neurons
The previous results could have been attributable to the activation of an (1) expiratory oscillator at the stimulation site, which we hypothesized (Janczewski and Feldman, 2006) ; or (2) oscillator at another site via projections from the RTN/pFRG. In the first hypothesis and given the observation that we did not observe any expiratorymodulated neurons before stimulation, an essential prediction is that some tonic/silent RTN/pFRG neurons become rhythmically active concurrent with or before the onset of AE. In the latter case, tonic neurons could simply become more active, as it is the case with RTN chemosensitive neurons (Abbott et al., 2009a) . Thus, we recorded single-unit activity at the sites most sensitive to photostimulation.
In rats injected with SYN-ChR2-EYFP (n ϭ 6) and in the absence of photostimulation, we failed to find RTN/pFRG neurons with late expiratory activity. Rather, neurons were either inspiratory-modulated or tonically active, the latter being characterized by irregular firing uncorrelated with the respiratory rhythm (n ϭ 12). To search for neurons that responded to photostimulation, we applied brief (Ͻ30% of expiratory time) light pulses while probing for neuronal activity (Fig. 7A) . Once an activated neuron was found, 10 s stimuli that induced AE were applied; the majority of responsive neurons were tonically activated or only weakly modulated (n ϭ 15/19). Approximately 20% (4 of 19) of the neurons became expiratory-modulated (n ϭ 4) (Fig. 7 B, C) producing a late-expiratory burst of activity concurrent with the late expiratory burst of ABD EMG . Trains of 10 ms pulses at 20 Hz for 10 s could also induce late expiratory activity in these neurons (Fig. 7C) . Thus, regardless of whether the stimulus was continuous or brief, a subpopulation of RTN/pFRG neurons became rhythmically active during the late expiratory phase. toward more medial RTN chemosensory neurons (Stornetta et al., 2006; Fortuna et al., 2008; Abbott et al., 2009a) , we consistently recorded neurons lateral to the VIIn with late expiratory activity concurrent with ABD muscle recruitment and ultimately AE. As the injected BIC/STRY dissipated and AE waned, these neurons returned to silence. This limitation attributable to injectate spread was addressed in parallel experiments with photoactivation (Nagel et al., 2003; Zhang et al., 2006) of SYN-ChR2-EYFP lentivirus transfected RTN/ pFRG neurons where the population of neurons susceptible to photostimulation was precisely determined by post hoc analysis of the distribution of EYFP ϩ . Our choice of the panneuronal marker synapsin was motivated by a primary test of the hypothesized role of RTN/pFRG unbiased by neuronal phenotype and the fact that, at present, the adult phenotype of the putative AE oscillator is unknown.
Photostimulation of ChR2-transfected RTN/pFRG neurons induced AE, with concurrent phasic activity in ABD EMG , LL EMG , and GG EMG . Continuous or brief photostimulation could induce prompt ABD EMG and GG EMG late expiratory activation along with phase-correlated single neuron activity. The firing pattern of the light-activated neurons was independent of the stimulus pattern. Brief RTN/pFRG photostimulation reset respiratory rhythm with prompt activation of AE. This timing suggests that recruitment of expiratory activity is attributable to direct stimulation of an AE oscillator that has a reciprocal inhibitory connection with the inspiratory oscillator and is not secondary to an increased chemoreceptor drive.
Are chemosensitive RTN neurons responsible for generation of AE? At present, there is no evidence of late expiratory activity in chemosensitive RTN/Phox2b neurons of anesthetized adult rats (Mulkey et al., 2004; Guyenet et al., 2005; Stornetta et al., 2006) , although neurons with similar properties are present in the same area in an in situ preparation of hypothermic hypercapnic juvenile rats (Abdala et al., 2009) . Continuous photostimulation tonically activates RTN Phox2b ϩ neurons transfected with ChR2, potentiates inspiratory activity with slow kinetics (t 1/2 ϭ 11 s), increases overall respiratory drive in behaving rats (Kanbar et al., 2010) , but does not appear to reset respiratory rhythm (Abbott et al., 2009a,b; Kanbar et al., 2010) . Rather, selective Phox2b ϩ neuron photostimulation induces entrainment of Phox2b ϩ neuronal activity with phrenic nerve discharge. This is consistent with the proposed role of chemosensitive RTN neurons providing a tonic drive to the respiratory rhythm and pattern generators, but these findings contrast with our results. We consider the following two possibilities: (1) Phox2b neurons are not rhythmogenic; (2) there are two distinct and partially overlapping regions, a chemosensitive RTN and a rhythmogenic pFRG. During induction of AE with either local application of BIC/STRY or photostimulation, neurons that went from silent to late expiratory modulated were more lateral (2.3-2.5 mm from midline) than chemosensitive/Phox2b ϩ neurons in adult rats (ϳ1.6 -2.0 mm from midline) (Mulkey et al., 2004; Guyenet et al., 2005; Stornetta et al., 2006) . Since the percentage of Phox2b neurons infected by SYN-ChR2-EYFP was low, and a larger, more lateral neuronal population of non-Phox2b phenotype was activated by photostimulation, a different neuronal population from the Phox2b ϩ chemosensitive neurons ventral to VIIn may well comprise the AE oscillator. The fact that adult Phox2b ϩ RTN neurons (Stornetta et al., 2006; Fortuna et al., 2008; Abbott et al., 2009a) do not exhibit expiratory modulation is either attributable to the experimental approach (e.g., anesthetized rats) or the possibility that through maturation neonatal rhythmogenic neurons lose Phox2b expression, similar to other neuronal populations in the brainstem (Kang et al., 2007) .
Extreme hypoxia can induce late expiratory activity in (more caudal) BötC glycinergic neurons in adult anesthetized rats (Fortuna et al., 2008) . However, as these neurons were probably not directly affected by BIC/STRY injections, and certainly not transfected by ChR2, they are unlikely to be the first link in the chain inducing AE. Although we cannot rule out the possibility that our stimuli triggered a conditional BötC expiratory oscillator, the existence of RTN/pFRG neurons that became late expiratorymodulated when AE was induced [as well as from the fact that they are rhythmic in vitro (Onimaru et al., 2008; Thoby-Brisson et al., 2009) ] offers a more parsimonious interpretation consistent with our hypothesis: the RTN/pFRG is a conditional expiratory oscillator.
Transient photostimulation produced consistent changes in respiratory timing, with sudden onset of expiratory muscle activity that effectively delayed the onset of inspiration. The timing of this response before inspiration onset suggests that it is not secondary to the stimulation of the inspiratory oscillator (presumably the preBötC) (Feldman and Del Negro, 2006) or the result of an additional tonic drive to the preBötC, as suggested for RTN Phox2b neuron photostimulation (Abbott et al., 2009a) . The most efficient respiratory cycle phase to induce AE and a prompt reset of inspiration was at the end of expiration (when AE would spontaneously occur, if present) or at the beginning of inspiration.
AE but not inspiration is lost when the RTN/pFRG is removed after transverse medullary section just rostral to the preBötC and BötC in anesthetized juvenile rats (Janczewski and Feldman, 2006) . Here, we show that AE is induced by activation of RTN/ pFRG by either disinhibition or photostimulation in anesthetized adult rats. This is consistent with the RTN/pFRG playing a causal role in the generation of AE at all stages of postnatal development. Furthermore, the observation that tonic/silent RTN/pFRG neurons become rhythmic with a late expiratory firing pattern is consistent with our hypothesis that this region contains a conditional oscillator that drives expiratory motor activity, even in adulthood. Given that expiration is only present in certain states suggests that this conditional oscillator is turned on in situations when active expiration is necessary to efficiently increase ventilation, as occurs during exercise.
